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Abstract 

We study Dirac-Born-Infeld type effective field theory of a complex tachyon and U(l) xU(l) 
gauge fields describing a D3D3 system. Classical solutions of straight global and local DF- 
strings with quantized vorticity are found and are classified into two types by the asymptotic 
behavior of the tachyon amplitude. For sufficiently large radial distances, one has linearly- 
growing tachyon amplitude and the other logarithmically-growing tachyon amplitude. A 
constant radial electric flux density denoting the fundamental-string background makes the 
obtained DF-strings thick. The other electric flux density parallel to the strings is localized, 
which represents localization of fundamental strings in the Dl-Fl bound states. Since these 
DF-strings are formed in the coincidence limit of the D3D3, these cosmic DF-strings are safe 
from inflation induced by the approach of the separated D3 and D3. 
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1 Introduction 



When we have a system of a D3-brane and an anti-D3-brane, its dynamics is well described by 
the effective field theory of a complex tachyon field and U(l)xU(l) gauge fields 12 El- While 
the D3 and D3 approach each other from apart, the Universe undergoes an inflationary era due 
to the gravitational effect jlj. When the D-brane coincides with the D3-brane, the system reaches 
the top of the tachyon potential and the main inflation ends. Then, this unphysical symmetric 
vacuum state at the zero tachyon amplitude restarts to decay to the true U(l) degenerate vacua 
at an infinite tachyon amplitude. 

When the D3-brane and D3-brane are annihilated in their coincidence limit, perturbative 
open string degrees living on the branes disappear, but nonperturbative open string degrees can 
survive in a form of fundamental strings, or of lower- dimensional D-branes of codimension-two 
with closed string degrees. In terms of effective field theory, one species among those generated 
through a cosmological phase transition are nothing but vortex-strings 0E] carrying Dl- (vorticity 
or quantized magnetic flux) and fundamental string charge (electric flux along the string). Since 
inflation already ended, the produced Dl and Dl-Fl bound states [3 El 13 EH UH H2j can remain 
as relics of the cosmic superstrings i n the present Universe. 

In this paper we consider the DBI type effective action of a complex tachyon and U(l)xU(l) 
gauge fields, and find straight global and local vortex-string solutions with an electric flux. As 
shown in 0^3; there exist static global and local D- vortex solutions in the coincidence limit of 
D2D2. While only singular D- vortex solutions are possible without DBI electromagnetic fields [3], 
the regular solutions are allowed when an electric flux is turned on in the radial direction jllj . 
The point-like D-vortices could be readily extended to become D-strings of the D3D3 system. In 
this paper we will also turn on a constant electric flux along the string direction, and find that 
its conjugate momentum density is well localized along the string. The obtained static soliton 
configurations turn out to be identified with DF-strings from a system of D3D3 with fundamental 
string fluid. In addition to the known D-string solutions with linearly-growing tachyon amplitude, 
we find new D- and DF-string solutions with logarithmically-growing tachyon amplitude. 

Specific contents in each section are as follows. In section 2, we introduce the effective action 
with a tachyon potential and briefly discuss perturbative degrees and their fate on the DpDp 
system. In section 3, we first discuss global DF-strings and then local DF-strings in details. We 
conclude in section 4 with summary of the obtained results and discussions on a few topics for 
future studies. 

2 Setup and Perturbative Physics 

We consider a DpDp system in the coincidence limit of two branes, where the individual branes have 
the same transverse coordinates. The brane-antibrane system possesses a complex tachyon field 
(T, T) describing instability of this system and two massless gauge fields of U(l)xU(l) symmetry 
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A a ^ a = 1, 2 living on each brane. Two representative nonlocal effective actions have been used as 
tachyon actions, i.e., one is derived from boundary string field theory (BSFT) PJE] and the other 
is Dirac-Born-Infeld (DBI) type proposed in Ref. [3]. In this paper we shall employ the latter, 



S = -T p <P +1 xV(t) 



det(X 



[IV / 



det(X 



[IV ) 



where T p is tension of the Dp-brane, T = re* x , and 



X% = 9lw + ± + (D^TD U T + D v TD^T)/2. 



{2.1) 



(2.2) 



Our notations are = (A\ + Aj)/2 with F„ v = d^A u - d v A^ = {A\ - A 2 t )/2 with 
d^C v - d v Cp, and D^T = (d„ - 2iC„)T. 

Since DF-strings as codimension-two objects are of interest, we consider D3D3 system. — det(X 
in the action with p = 3 takes the following form 

-det(Xt) = -detfo 



[IV J 



j[lV ) 



c pvpa af3"/8 -77± <r"± -r"± <r"± _ _ c pvpa af3-y6 r± a -77± A 



(2.3) 



where = i 7 ^ ± C^, 



(DfjTD^T + D v TD„T)/2, and V = (DpTD u T - D v TD^T)/2i, 
respectively. Up to the quadratic terms in the gauge fields and derivative of the tachyon amplitude, 
the Lagrange density in (1+3) dimensions becomes 



£ « -2T 3 V(t) 



2 M 



c 1 f^^ v 



2r 2 C M C /i 



(2.4) 



where the unitary gauge, 0^ = 0^ — d^fl/2, is chosen for topologically trivial sector with C^ u = 
dp.C v — dyCp,. Note that a cross term F fJLV C^ l/ does not appear in the approximated Lagrange 
density (|2~3J) . 

From Ref. ^Sl UH] > universally allowed conditions of the tachyon potential V for the DpDp 
system are monotonically decaying property connecting smoothly the maximum of V(r = 0) = 1 
and minimum of V(t = oo) = 0. To support perturbative spectrum in superstring theory, we 
choose d 2 V/dr 2 \ T=0 = —1/R 2 = —1/2. In the DBI type effective action, exponentially decaying 
property for large r, V(t) ~ e~ T/R is usually assumed [T7] . For the analysis of DF-string solutions 
with the cylindrical symmetry, the above properties are enough at both string core and asymptotic 
region. For numerical analysis, however, we will use a specific potential satisfying all the above 
conditions for convenience [T%1 ITU] 

™-;=sr (2 ; 5) 

Let us read possible perturbative spectra from the Lagrange density (J2.4|) . Before the D3D3 
decays, the complex scalar fields, T and T, are tachyonic, and both gauge fields, A^ and C^, are 
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massless. When it decays completely, a ring of degenerate minima at infinite tachyon amplitude is 
formed. Naively A n seems to remain massless and C u , absorbing the Goldstone degree Q, becomes 
massive due to nonzero vacuum expectation value of r. Different from usual field theory results, 
all the tachyon and the gauge fields cannot survive due to vanishing tachyon potential which is 
an overall factor in the Lagrange density (|2.4|) . This phenomenon is easily expected because all 
the perturbative open string degrees should disappear after the decay of D3D3. On the other 
hand, nonperturbative degrees including co dimension- two branes and fundamental strings can be 
formed, so that the runaway nature of above tachyon potential should play an indispensable role 
for determining characters of the generated topological solitons. 

3 DF-strings 

In this section we study static DF-string solutions of the classical equations, which are identified 
as the codimension-two DF-composites from D3D3. The obtained nonsingular configurations 
are classified into the following four types by two crossed borderlines, i.e., (i) global U(l) DF- 
vortices with critical boundary value of electric field at infinity F tr (r = oo), (ii) global U(l) DF- 
vortices with noncritical boundary values of F tr (r = oo), (iii) local U(l) DF-vortices with critical 
boundary value of F tr (r = oo), and (iv) local U(l) DF-vortices with noncritical boundary values 
of F tr {r = oo). Since there is one-to-one correspondence between the obtained DF- vortex solution 
and the D- vortex solution in Ref. [TT], the newly-obtained DF-vortices with critical boundary 
value imply the existence of additional D- vortices with the same critical electric field. 

Straight strings along the z-axis is conveniently described in the cylindrical coordinates (t, r, 6, z). 
The ansatz for the n strings superimposed at the origin r = is 



In order to obtain regular DF-strings, we assume the minimal configuration of the DBI electro- 
magnetic fields Fn V as 



T = r(r)e 



ind 



(3.1) 



F tr (r) = E r (r), F tz (r) = E z (r), others = 0. 



(3.2) 



Introduction of the gauge field Cq replaces global strings by local strings 



C, = 5, e C e {r), (C r8 = C' e ). 



(3.3) 



Insertion of the ansatze (|3.1|) - (j3.3j) into the determinant (J2.3|) gives 



det(X± ) = r 2 X 

-det(^)| l + T l{n-2C e f [(l - E 2 Z ) (l + r 



) 




(3.4) 



(3.5) 
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which simplifies the action (j2.1|) as 

S = -2T 3 / dtdrd6dzrV(r)VX . 



(3.6) 



Bianchi identity, d^F vp + d u F pfl + d p F pu = 0, requires E z to be a constant. When El > 1, 
X becomes negative and the action ()2.1|) becomes imaginary, which is physically unacceptable. 
When E 2 Z = 1, derivative of the tachyon amplitude disappears in ()3.5|) and then no nontrivial 
solution is supported. When E 2 < 1, introduction of new variables, 



E r (r) 



E r 



'1 - El 



1-E 2 %. 



X 



X 
1-EV 



(3.7) 



show that we have X = X\e z =o and thereby the system with nonvanishing constant E z is formally 
equivalent to that with vanishing E z under the correspondence (|3.7|) . 

For the gauge field A{ and conjugate momentum II 1 , the only nontrivial equation is (rlT)' = 
which is rewritten by introducing constant charge density Qfi per unit length along z-axis as 



IT = 



5S 



5S 



2%V 



^ 5{d t A r ) 5E r ^\ - E 2 Z v /x 

Equation of motion for the tachyon amplitude r is 

V 



T 



l + —(n-2C e y 



E r 



Q 



Fl 



(3. 



1 d 

r dr 



\ + —{n-2C e 



1 + r 



e: 



in - 2C ft ) 2 



r=dv_ 

dr ' 



(3.9) 



and that for the gauge field Ce is 
1 d ( rV C' a 



V 



r dr 



1 + r 



e: 



- 2 (n-2Co 



0. 



(3.10) 



From (|3.8|) we obtain an algebraic expression for E r (or equivalently E r 

E r (r) 2 = 



El 



(1+r' 2 ) 


1 + 1 

r 


l{n-2C e ) 2 


r' 2 


[l + £(n-2C e ) 2 ] < 


:■* 


( 2T 3 rV) 
y Qpi J 


a [l + 0(„-2<7,) 2 ]} 



(3.11) 



The r- and Cg-equations (|3.9|) - (|3.1U|) with E z ^ is exactly the same as the equations with 
E z = 0. The solutions have been discussed in Ref. ^T] 



r(r) = r(r)\ Ez=0 , C e {r) = C e (r)\ Ez=0 . 



(3.12) 



The functional form of E r (r)\E x =o has been also discussed in ^T], which is the same as E r (r^ in 
(J3.11j) except for an overall factor (1 — E 2 ). According to Ref. [TT], the obtained D- vortex solutions 
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are classified as follows. With nonvanishing E r regular vortex solutions are obtained, but with 
vanishing E r only singular configurations are constructed [3]. Characters of the obtained vortices 
are divided by the gauge field C M , i.e., global vortices for = and local vortices for ^ 0. 
Since the extension from the point-like D-vortices to the straight D-strings along ^-direction is 
straightforward, the aforementioned properties of D- vortex solutions hold also for the DF-strings 
of our interest. 

In the above we have explained similarity between the vortex solutions without E z and those 
with E z . Let us discuss the quantities how to distinguish DF- vortices with E z from D-vortices 
without E z in what follows. Once we obtain profiles of the tachyon amplitude r and the gauge 
field Cq for given constant Qfi and E z , the fundamental string charge density per unit length 
distributed along the straight DF-string is given by conjugate momentum IF of the gauge field 
A z 

~1 2 rn\2 



IF 



T = 



5S 



1 5S 



Qfi E z 
I -El 



'l + r 



1 + 



rSE 



r 2 

l ~2 



[l + ^n-2C e ) 2 ] 



2%rV 



Fl 



1 + T -^{n 



2Co 



.(3.13) 



To be identified as a DF-string, II 2 should be localized on the D-string stretched along ^-direction. 
Although the shape of the fundamental string charge density per unit length keeps the same form 
()3.8|) irrespective of its charge Qfi, that of the DF-strings changes its shape by Qfi- 

To understand detailed property of the DF-strings we also need to investigate U(l) current j 9 



2T,V 



l + r 



2Ca 



and nonvanishing components of the energy-momentum tensor 



2%V 



(1 - El) 
2%V 



1 + — (n-2C(, 



r< 2 

'l + T 2 ) + % 



2%y 



2Co 



l + r 



'X 
2%V 



Ei 



\ + -{n-2C e f 



T 



'2 



El) + % 



(3.14) 

(3.15) 
(3.16) 
(3.17) 
(3.18) 



3.1 Global DF-strings 

Global DF-vortex solutions are attained by choosing constant gauge field Cq = in the previous 
part of the section 2 with neglecting the gauge field equation (J3.1Uj) . Then the only nontrivial 
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differential equation is that of the tachyon amplitude ()3.9|) . For every regular vortex solution of 
boundary conditions for the tachyon amplitude are 



r(r = 0) = 0, r(r — > oo) 



oo. 



(3.19) 



The runaway nature of the tachyon potential dictates that r(r) of a DF-string solution should be 
a monotonically-increasing function which connects smoothly the boundaries with the conditions 

Ann. 



Near the origin, a consistent power-series expansion leads to increasing r, 



r r 




S(l + ^)(* 2 



l)r 5 



(n > 2). 



(3.20) 



Inserting (|3.20|) into (|3. llj) and ()3.13|) . we have decreasing E% from a constant value and decreasing 
IF 2 from the infinity, 



r 



:i-^ 2 )(i+r ( 



4X 



^(l + r 2 )r 2 + --- 



n 



,:2 



^ 2 (l + ^o 2 ) 
1 -£? 



In addition, we obtain the current density (|3.14 



(3.21) 
(3.22) 



4nt 3 2 r 2 , 



1 + 


To 2 




E 2 Z 



>F1\ 



(3.23) 



and the energy-momentum tensor (|3.15|) - (|3.18J) . 



rpr 



rr^b 



El \Q 



Fl 



1 + r 2 



2T 2 

l + 7#(l + To)r 2 



-4t 3 2 



1 + r 2 r 



l-£ 2 |Q F1 



+ ■ ■ 



l + r 2 |Qfi| 



i? 2 + S[2(l + r 2 n 2 )-E 2 (l + r 2 )]r 2 + 



Q 



2 

Fl 



(3.24) 
(3.25) 
(3.26) 
(3.27) 



As it was expected, the angular component of U(l) current j 9 and the pressure Tfj vanish at 
the origin. In T*, T r r , and T*, the leading term shows singular behavior due to the background 
fundamental string charge Qfi- As this fundamental-string charge decreases to zero, the leading 



7 



14 



12 - 



10 - 



8 - 



6 - 



4 - 



2 - 




1 1 1 1 1 1 

5 10 15 20 25 30 

Figure 1: Plot of r vs. for n = 1 DF- vortex with Q F1 /T 3 = 2 and i? = a/2- At r = 2.46327, 
Too - ► which supports the logarithmically-increasing r(r) at asymptotic region. 

term goes to zero, but the slope of the second term proportional to 1/Qfi becomes steep. It is 
consistent with the observation that only the singular global vortex solution exists in the absence 
of the background fundamental-string charge jllj . 

At sufficiently large r, we solve the tachyon equation (|3.9|) . We try to get the tachyon solutions 
with (i) power-law behavior r ~ T 00 r k (k > 0) and (ii) logarithmic behavior r ~ lnr. 

(i) r ~ Toor solutions: If we substitute the power-law behavior into the tachyon equation 
(J3.9j) . only the linearly increasing r solution is allowed at leading order. The power-series expansion 
gives 

r - T 00 r + 5-^(l + ^)(l+r>Ve- 2 T + ..., (3.28) 

where (> 0) and 5 are undetermined, but r M is related with r near the origin. Numerical 
works show that is almost proportional to To for large r 's as in Fig. Q Specifically, for n — 1, 
Q F1 /T 3 = 2, and R=^2, lim {t^/tq) -> 0.4566. 

TO^OO 

Inserting ()3.28|) into the various physical quantities (|3.11|) . (|3.13|) . (|3.14|) - ()3.18|) . we read the 
followings. First, the radial electric field approaches rapidly a constant boundary value |i? r (oo)| = 



8 



V(l-^ 2 )(l + r^) 



(i-^ 2 )(i+Oa 



2 
Fl 



1 + T> 2 | 1 



25_ 
~R 



o Topr + <5 

re « + 



(3.29) 



Second, the leading terms of IT 2 , T/, T r r , T 2 are all proportional to IF (= Q-pi/r) and the subleading 
terms exponentially suppressed, 



n 



z 2 



£ 2 (1 + ^) /Qfi 
1 -£? 



l + r> 2 )r 2 e- 2 ^ 



rp.Z 





IQfiI 


1 + 






r 


Qfi 


1 + r 2 


IQfiI 

r 


{» 


8r 3 2 i? 

T'ooQfI 




IQfiI [ 


El 


f 16T32 ( 


l-£ 2 


r 


Qfi 



2 2\ 2 -2^ 



re fl 



9 9\ 9 9 T oo r + S 

1 + T oo n ) r e R 



(3.30) 
(3.31) 
(3.32) 
(3.33) 



Third, the angular components j e and T® exponentially decreasing so that, with (J3.23)) and (|3.2fi)) . 
their shapes in (r, 6 l )-plane look like a ring, 



16nt 3 2 r^ 



1 + \Q 



2 

oo 

El 



Tppr + S 



+ 



-16T 3 2 



£ 2 IQ 



re k + 



Fl 



(3.34) 
(3.35) 



Here, we do not present the results of numerical analysis since the obtained configurations are 
exactly the same as those of D-strings except for the fundamental-string charge density IT 2 in 
Fig. 121 

(ii) t ~ Too In r solution: If r in the tachyon field near the origin ()3.20|) is sufficiently small, 
then this solution cannot reach r(r = oo) = oo. It means that there exists a critical value 
of t which corresponds to r'(oo) — ► in ([3.28)1 . and it also requires a critical-charge density 



(Qfi/t 3 ; 



8/R 2 . In this limit, a natural asymptotic behavior of the tachyon amplitude is 



logarithmic, r(r) ~ r^hir. 1 If we try this configuration, the field equation ()3.9|) with (j3.11j) fixes 
the value of to r M = 2R, which leads the tachyon potential to a power-law decay, F « 2/r 2 ; 



T(r) « 2R lnr I 1 — 2n 2 R 2 



lnr 



+ 



(3.36) 



1 In the context of 4 dimensional supergravity, a logarithm-type behavior at asymptotic region was found in the 
dilaton field (~ In 7-) and the Higgs field (~ VEV — 0(l/lnr)), and the obtained vortices carry finite tension |l(Jj . 



9 



10 



15 



20 



25 



30 



Figure 2: Plot of IF(r) for the asymptotically-logarithmic (dashed line: r = 2.46327) and 
asymptotically-linear (solid line: To = 6) configurations of r. We set n — 1, Qfi/% = 2, and 
R = \/2 for superstring theory. 



Note that lnr is not well-defined at the entire region (0 < r < oo), regularity of the obtained 
solution needs further mathematically-rigorous study. It turns out, in this case, that the radial 
component of the electric field E r (|3.11j) approaches a critical value at infinity with a power- law 
0(l/r 2 ),£ 2 (r = oc) = l-£ 2 , 



E 2 r (r) 



E: 



2R 2 



(3.37) 



This looks similar to the case of the thick single topological BPS tachyon kink 

Inserting ()3.36|) into (j3.13|) . (j3.15J) . (j3.16|) . and (j3.18|) . we have again 0(1/ r) leading term in 



IF, T\, T;, and T*, 



W 2 
T\ 

rpr 

r 

rpz 



El 



E 2 

z 

1 



Q 



Fl 



\Q 



Fl 



71- 


E 2 Z 


r 




E 2 Z 


IQfiI 


r 


1 




IQfiI 



6R 2 | 
| 3i? 2 
i? 2 



VT^z 



El 



£ + E 2 z )^ 



(3.38) 
(3.39) 
(3.40) 
(3.41) 
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The coefficients of the leading terms can be understood as the — > limit of ()3.30)) - (J3.33)) 
for the power-law solution. However, the subleading terms exhibit also a power-law behavior 
in (j3.38|) - (j3.41J) . instead of the exponential decay in ()3.30J) - (j3.33|) . This 0(1/ r) term makes its 
energy diverge linearly. On the other hand, the angular components of the current j e (j3.14|) and 
the pressure T 6 e ()3.17|) have different behaviors for the leading terms. They have a power-law 
decay in this case while those for the linearly-growing tachyon have an exponential decay ()3.36|) . 



64n T 2 R 2 (lnr) 2 



1 -El |Qfi| 



+ ■■•, (3.42) 



T* « - , 167? , :-,+■■■■ (3.43) 



m \q 



Fl 



The numerical solution for the logarithmic tachyon amplitude connecting the origin and large 
r is shown in Fig. 0K a )- We read ro as To = 2.46327. The profile of the radial electric field E r 
decreases monotonically from a nonzero value larger than unity at the origin to unity at infinity 
as shown in Fig. H3-(b). The angular components of the current j e and the pressure Tjj have a 
ring shape connecting zeros at both boundaries, and j e is plotted in Fig. 01(c). Since IF, T}, T r r , 
and T z z behave in a similar way, we only draw the figure of IF which has 0(1/ r) singularity at 
the origin and decreases monotonically to zero as shown in Fig. |5| Both the power-law solution 
()3.28|) and the logarithmic solution (J3.36|) share similar shapes for IF as are given by the solid 
and dashed lines in Fig. HJ 

The leading linear divergence in the energy of the obtained DF-string configurations per unit 
length along the ^-direction can be read off from ()3.31|) and (J3.39|) . 



E f RlR / 1 + r 2 

J drrd9T tt = 2ir J — p \Q F1 \R m + (finite). (3.44) 



Since the divergent part is linearly proportional to the fundamental-string charge density at the 
origin, a possible source of this infra-red divergence is different from the familiar nature of logarith- 
mically divergent energy of the global vortex. For a given fundamental-string charge density Qfi, 
the energy spectrum of each solution is classified by t^. In that sense, the logarithmic solution 
with Too = in (J3.44)) is the minimum energy solution of the D- or DF-strings. 

If we take the limit of vanishing fundamental-string charge density Qfi — > 0, the first terms 
proportional to Q Fl i n T\, (|3.24|) and (|3.31|) approach zero for the linearly-growing solution ([3.28)1 . 
From behavior of the second Qpi-independent terms in (|3.24|) and (j3.31|) . we may read the limit 
of ^-function like configuration in the limit of — > oo. This phenomenon is consistent with 
the existence of singular vortex solution in the absence of Qp ± When the electric field E z 
approaches critical value, various densities including II 2 (|3.13|) . T\ (|3.15|) . T z z (|3.18|) . j 8 ([3. 14)1 . and 
T e g diverge with the finite fundamental-string charge density Qfi, but E r ([3.11)) and T r r (J3.16)) go 
to zero. These can easily be checked also by the expanded expressions given in this subsection. 
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This singularity was expected from the beginning if we see the expression of determinant (|3.5J1 in 
the action (j2.1j) . 

There is another coupling to the bulk RR fields given by the Wess-Zumino term, and, for the 
global DF-strings from D3D3 P El HQ , it is 



c [ „ ( F l -TT i z ' 2 8T \ 

owz — V otr J G RR A exp ^ _^ /2 ^ ^ 2 _ ^ j 



= -nfi j ^— \ C§1 A dr A d9 + yC^ 1 ' A dt A dr A d6 A dzj , (3.45) 
oc n, (3.46) 



where \x is a real constant and the supertrace Str is defined to be a trace with u 3 inserted. The first 
term in 1)3.45)1 means the charge of a Dl-brane stretched along the z-axis, which is proportional 
to the vorticity n. Thus the charge density of the Dl-brane per unit length is identified as the 
topological charge of which current density is defined by 

Td^T-Td^T 

^ = ^TT ■ (3 ' 47) 

Although the second term proportional to both n and E z in ()3.45j) implies an (Minkowski) instan- 
ton charge, its possible physical meaning will be discussed in the next subsection. In addition to 
the Dl charge ([3.47)1 . the stringy object of interest carries the charge of fundamental strings along 
the z-axis, which is denoted by the localized electric flux IF ()3.13j) . Since the point charge Qfi 
(13.8)) at r = is nothing but the background charge distribution of fundamental strings coming 
from a transverse direction, and is ending on a point along the z-axis, the stringy object carrying 
the vortex charge n and the localized electric flux II 2 is identified as a DF-string or a (p, g)-string 
(composite of D1F1) from D3D3 system with fundamental strings. What we obtained is summa- 
rized schematically in Fig. HJ If the early Universe involved a D3D3, the obtained DF-string can 
remain as a cosmic fossil named as the cosmic global DF-string. 



3.2 Local DF-strings 

When the gauge field ()3.3)) is turned on, the character of DF-strings becomes local. In usual 
local field theories, e.g., the Abelian-Higgs model, a role of the gauge field is to make energy of 
the local vortex (energy density of the vortex-string per unit length along the string) finite by 
trimming the logarithmically-divergent energy of the global vortex j3] . This phenomenon was not 
observed in D-vortices from D2D2 system with fundamental strings; the energy of the D-vortex is 
linearly-divergent, but its source is fundamental string charges ^Tj. Although this sort of energy- 
trimming seems unlikely also for local DF-strings of our interest, we investigate the existence and 
the property of local DF-strings in this subsection. 
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Figure 4: D3 and D3 with fundamental strings represented by IF(r). Straight DF-strings repre- 
sented by n and II 2 are formed. 

Since the inclusion of the gauge field Cg (|3.3|) requires the analysis of the coupled equations 
(|3.9jl - (|3.1()|l . we need boundary conditions for the gauge field in addition to those for the tachyon 

(EDS), 



C e (0) = 0, 



n 



Ce(oo) = -. 



(3.48) 



From now on, we examine the differential equations (|3.9|) — ([3.10)1 and the expressions (|3.11|) and 
f!3.13|) for E r and IF, and find local DF-string solutions satisfying the boundary conditions (|3.19|) 
and (EOHJ) . 

Near the origin, the power-series expansion of r(r) and Cg(r) for DF-string solutions gives 



t r 



r r 
r r 



1 



(n 2 -l)Q!„,2 



6 



r z + ■ • 



n = 1 
n > 2 



C e (r) w C r 3 



where a is 



3 + r n 2 n 2 (5 - 2n 2 ) 2 

1 — -ar + 

10(1 + r 2 n 2 ) 

4 ?(l + -o 2 )(l + -oV) 2 -9C 2 



n > 1 



2„2^2 



Fl 



(3.49) 
(3.50) 

(3.51) 



For the local DF-strings with unit vorticity, the increasing rate of the tachyon amplitude (|3.49|) 
is not affected by Cq up to the second order. On the other hand, the signature in front of 9Cq in 
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(I3.51J1 is opposite to that of the first term which is proportional to T 2 jQ\ x ^ so the increasing rate 
of the tachyon amplitude (|3.49jl becomes smaller for local DF-strings. 

Inserting the expansions ([3.49|) - ()3.50|) into the radial electric field E r ()3.11|) and the fundamental- 
string charge density IF (|3.13|) . we have a nonzero value, (1 — E 2 )(l + Tq), for E r and singular 
| IF | at the origin 



Ef(r) 



n 



-2 



{l-E 2 z )(l + r 2 )(l-ar 2 + 
E*(l + rr 



(3.52) 
(3.53) 



where (3 is 



1 + rZn 2 ) 2 



47? 

3 /-i , 2/o„2 



Q 



(l + r 2 (2n 2 -l))(l + r V) 2 + 9C< 2 



Fl 



(3.54) 



The current density ()3.14|) again increases from zero 




TQn\Q F i\ar + ■ ■ 



(3.55) 



and nonvanishing components of the energy-momentum density (|3.15j) - ([3.18|) show the following 
behavior which is similar to the case of global DF-strings ()3.24j) - (j3.27j) 



rpr 



\Q 



PI 



El 



El \Q 



Fl 
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1 + -r 2 + 



1 - E 2 

— §■ |QFi|ar + 



1 



r, 



o 



/ 



a 4(1 + r 2 n 2 ) T 3 2 

Fl 



E 2 



Q 



r 2 + 



(3.56) 
(3.57) 
(3.58) 
(3.59) 



The near-origin behavior of the local DF-string solutions is parameterized smoothly by To in 
(J3.49j) and Cq in (J3.5U|) . At asymptotic region, the tachyon amplitude of every local DF-string will 
be proven to approach universally the vacuum, but the approaching behavior is sorted into two; (i) 
linear divergence r ~ r^r and (ii) logarithmic divergence r ~ r^lnr, as were for the global DF- 
strings in the previous subsection. We analyze the DF-string solutions with the linearly-divergent 
r and the logarithmically-divergent r separately in what follows. 

(i) t ~ T^r solutions: If we examine carefully the coupled differential equations (J3.9j) - 
(|3.1L)jl . the leading asymptotic behavior of the tachyon amplitude is either linearly-growing or 
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logarithmically-growing. First, we consider the linearly-growing case. The subleading term of the 
tachyon amplitude is decreasing exponentially 



v + »- 4i? ?' + ,Jj A-^ + .., 

r ooVFl 



where and 5 are undetermined constants which are governed by the behavior near the origin. 
For the gauge field Cq, we consider small 5Cg at the asymptotic region, 

71 

C e (r) « - + 5C e . (3.61) 
Substituting this into the equation for the gauge field, we obtain a linear equation, 

M ^=-ik u ^ t= < («= wt^^ 1 ") • (M2) 

where M(t) = e 2T c* tl/A K RKl/i ) anc l [/ — — (§Cg) 2 /2. If we identify <5Ce as a one-dimensional 
position of a hypothetical particle, Eq. ()3.62|) is interpreted as a Newtonian equation with a 
variable mass M(t) and a conservative potential U (SCg). The nontrivial analytic solution satisfying 
SCg(r = oo) = is not known yet, but the existence of such solution can easily be read from the 
properties of U(SCg); max[U(SCg)]=0 at SCg = and mm[U(5Cg)] = — oo at 5Cg = ±oo. 

With the asymptotic behavior of the tachyon amplitude ()3.60|) and the gauge field (|3.61|) . the 
radial electric field approaches its boundary value exponentially, 



16% 2 R 



E 2 r {r) « (l-^)(l+^)(l-^#re- 2 T + •••), (3.63) 



7~ooQ 



2 
Fl 



and the U(l) current and the angular component of the energy-momentum tensor decay exponen- 
tially to zero, 



/ 1 + T oo r _ 2 Issl+l 



n » -^3^^-^ + .... (3,5) 

As it was the case of global DF-strings in the previous subsection, the leading terms of II 2 , T\, 
T r r , and T\ are commonly proportional to Qfi/t but the subleading terms decrease exponentially, 



n" 2 « ^^F^T ™ 11 + ^-^ + ...], (3.66) 



r '< - -l/^f J ^(l + 5 rV2 ^ + -" 1 ' <3 - 67) 
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Tr - -WfT^^ll + f^re-^ + -..), (3.68) 

' ooVFl 
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3 2 r V 2 "^ + •••). (3.69) 



3 



2 
Fl 



Note that the leading long-range terms of local DF-strings are the same as those of global DF- 
strings, and that the limiting behaviors for the large, or small Qp l7 and for the critical electric 
field \E Z \ — > 1, are also the same. 

(ii) r ~ Too lnr solutions: Lastly let us discuss logarithmic r-solution of the local DF-string. 
For sufficiently large r, the leading logarithmic term has the same coefficient with the global 
DF-string ()3.36|) . but the subleading term does not contain logarithmic term; 

4i? 3 

r(r) « 2R lnr - — — + • • • . (3.70) 

As we observed in the global string case, the first subleading term of E r in ()3.37|) is governed 
only by the leading term of the tachyon amplitude in ()3.36|) . Therefore, the expansion for the 
logarithmic r-solution is the same for the local string. If we try to get the asymptotic solution of 
the gauge field Cg similarly to the case of linearly-growing solution (|3.61|) . the linearized equation 
for SCg is 

d f 6C 'o\^ 32R ^ SCd . (3.71) 



dr \ r 2 J r 4 
We find a solution which decreases rapidly to zero, 



3 

T 2 



5C e (r) « C x -^== WhittakerW ( -yj^, \, 4v / 2i?(ln r) 2 j , (3.72) 

where C\ is an integration constant which is to be set by the boundary conditions at the asymp- 
totic. As shown in Fig. the gauge field Cg (the dashed line) reaches its boundary value n/2 
rapidly and the tachyon amplitude r (the solid line) grows logarithmically. Due to the mixture of 
slowly-growing and rapidly-growing functional behaviors for single numerical analysis, the results 
of numerical work need further improvement for this logarithmic case. 

This rapidly-decreasing behavior of the gauge field Cg affects that of the U(l) current ([3.14)1 . 
but does not appear in the radial pressure ()3.16|) up to the leading order, 

/ „ - ™S# r flgW-, (3.73) 



El \Q 



Fl 



16T 2 1 

T d e - - 7=^ + (3.74) 



1 - El \Q F1 



Similar to E r , all the components of the energy- momentum tensor and the ^-component of the 
electric flux density for the local DF-string have the same functional forms with those of the 
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Figure 5: For n — 1 and R = \^2, profile of the tachyon amplitude r(r) by the solid line (r 
2.4489) and that of the gauge field C e {r) by the dashed line (C = 4.5733). 



corresponding components of the global DF-string up to the second order terms. Therefore, the 
leading energy density of the local DF-string for the logarithmically-growing tachyon amplitude 
shares that of the local DF-string for the linearly-growing tachyon amplitude and that of the global 
strings. It means that the discussion on the energy of the global DF-strings can also be applied 
to that of the local DF-strings; the role of the gauge field Cg in localizing the energy of the string 
is negligible, which is very different from that in the case of Nielsen-Olesen vortex-string in the 
Abelian-Higgs model. 

Due to the gauge field Cg, the Wess-Zumino term of D3D3 describing coupling to the bulk RR 
fields becomes slightly different from that of the global DF-strings [T1 12*1 13*1 l2~Tj. 



wz 



\i Str / C RR A exp 

14- 



F l _ rprp { 3/2 Jjrp 

_j3/2 -jyf F 2 -TT 



dr . 



r n 

Ce ~2J\ 



Crr + y Crr 1 ] AdtAdz) Adr Ad9 



-^E z C r gC RR 1] A dt A dr A d6 A J . 



(3.75) 



The term of coupling is proportional to the vorticity n so that the local DF-string carries the 
quantized magnetic flux as a Dl charge density per unit length along the .z-axis, 



dr 



2jt 



d6 C r g 



irn. 



(3.76) 
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Note that the second term in (|3.75|) tells us that coupling is nothing but an axion coupling. 

Since we have additionally the fundamental-string charge density IF localized along the string 
direction (the z-axis in our case), the obtained stringy objects are local DF-strings, or local (p, q)- 
strings from D3D3 system with fundamental strings. 

4 Conclusions 

The system of D3D3 with fundamental strings has been considered in the coincidence limit of a 
brane and an anti-brane. In the scheme of effective field theory, it is described by the DBI type 
effective action of a complex tachyon field and U(l)xU(l) gauge fields. The runaway tachyon 
potential has U(l) vacua at an infinite tachyon amplitude, which supports topological vortex- 
strings of codimension-two. Specifically, we study straight string solutions by examining field 
equations. 

The topological charge of the string represented by vorticity is interpreted as the RR-charge 
density of D-string (Dl-brane). (See the circles in Fig. HJ) Introduction of the radial DBI electric 
field coupled nonminimally to the tachyon is indispensable to obtain a thick D-string, which implies 
that background fundamental strings live in an extra- dimension with a fluid form and end at each 
vortex-string origin. (See the radial arrows in Fig. HJ) 

According to asymptotic behavior of the tachyon amplitude at infinity, we obtained either 
linearly-growing tachyon configurations, or a newly-found lograrithmically-growing tachyon con- 
figuration which represents the minimum energy configuration. We additionally turn on the con- 
stant DBI electric field parallel to the string. Then its conjugate momentum density is localized 
along the string. (See the straight arrows along the ^-direction in Fig. HJ) This confined electric 
flux density tells us that the stringy object of interest carries a fundamental string charge density, 
so we find it a DF-string (or a (p, g)-string). Lastly the nonvanishing gauge field coupled minimally 
to the tachyon replaces the global DF-string by a local DF-string carrying a quantized magnetic 
flux density cis du Dl charge density. 

Now that we have global and local, D- and DF-strings as soliton solutions in the context of 
effective field theory [TJ, the future tasks to construct a viable cosmic superstring become more 
tractable. Dynamical issues |Hl E] involve (i) head-on collision of two D- vortices for checking the 
intercommuting (reconnecting) property of two D-strings, (ii) collision of two DF-strings leading 
to a tree structure composed of a pair of trilinear vertices, which is to form a cosmic DF-string 
network (221; an d (hi) the stability of long macroscopic D- and DF-strings. 

On cosmological aspects, we would gravitate the obtained static stringy defects and see the 
resultant spacetime structure. This may provide a basis to tackle the possibility of observing 
its effect astrophysically including viable density fluctuations and quintessence (22] • Inclusion of 
time-dependence is also important to understand how the D- and DF-strings are generated, and 
whether or not they survive during the inflationary era induced by the separation of D3 and D3. 
To lower the scale from the fundamental string scale to a scale to pass observational tests such 



19 



as the cosmic microwave background, the pulsar timing, and the gravitational radiation, it is also 
intriguing to take into account the D- and DF-strings obtained in the background of various string 
(inspired) models |24j . 
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